Ca 2؉ -mobilizing compounds such as the Ca 2؉ ionophore A23187 or the endoplasmic reticulum Ca 2؉ ATPase inhibitor thapsigargin can suppress or induce apoptosis in the same cells. The use of different calcineurin inhibitors has shown that both suppression and induction of apoptosis by the Ca 2؉ -mobilizing compounds were mediated by calcineurin activation. Ca 2؉ -mobilizing compounds activated p38 and p44͞42 mitogen-activated protein kinases (MAPKs). Induction of apoptosis by the Ca 2؉ -mobilizing compounds was suppressed by an inhibitor of p38 MAPK but not by an inhibitor of p44͞42 MAPK. These MAPK inhibitors did not suppress apoptosis induction by wild-type p53 or by withdrawal of IL-6 from IL-6-dependent cells that are mediated by calcineurin-independent pathways. These MAPK inhibitors also did not affect the ability of Ca 2؉ -mobilizing compounds to suppress apoptosis. The results indicate that (i) Ca 2؉ -mobilizing compounds activate different and opposing pathways that diverge downstream from calcineurin activation that can either suppress or induce apoptosis in the same cells; (ii) p38 MAPK but not p44͞42 MAPK is involved in induction of apoptosis but not in its suppression by the Ca 2؉ -mobilizing compounds; and (iii) neither p38 nor p44͞42 MAPKs mediate induction of apoptosis by some calcineurin-independent pathways.
O
verexpression of wild-type p53 in M1 myeloid leukemic cells induces apoptosis (1) , and wild-type p53 is required for induction of apoptosis by DNA damaging agents in normal myeloid precursors (2) and thymocytes (2) (3) (4) . Induction of apotosis in M1 leukemic cells by wild-type p53 can be suppressed by some cytokines (1, (5) (6) (7) (8) (9) (10) (11) and Ca 2ϩ -mobilizing compounds such as the Ca 2ϩ ionophore A23187 or the endoplasmic reticulum Ca 2ϩ ATPase inhibitor thapsigargin (TG) (11) . Suppression of wild-type p53-induced apoptosis by cytokines or Ca 2ϩ -mobilizing compounds was not the result of changes in the ability of wild-type p53 to transcriptionally activate waf-1, mdm-2, or FAS (6, 11) . Cytokines and Ca 2ϩ -mobilizing compounds also can suppress apoptosis induced by cytotoxic compounds through p53-independent pathways (11) . However, unlike cytokines, suppression of apoptosis by A23187 or TG required extracellular Ca 2ϩ and was blocked by the calcineurin inhibitor cyclosporin A (CsA) (11) . Furthermore, A23187 and TG could not suppress all pathways of apoptosis that were suppressed by cytokines (11) . Although A23187 and TG can promote cell viability by suppressing apoptosis in some cell types (11) (12) (13) (14) , these compounds also can induce apoptosis in other cell types (reviewed in ref. 15 ). These different effects of Ca 2ϩ -mobilizing compounds in different cells raises the possibility that these compounds may activate opposing apoptosis-regulating signals and that this may occur even in the same cells.
The present experiments have shown that A23187 and TG activate calcineurin-dependent opposing pathways that can either induce or suppress apoptosis in the same cells. The results also indicate the involvement of the p38 mitogen-activated protein kinase (p38 MAPK) pathway in induction of apoptosis but not in suppression of apoptosis by the Ca 2ϩ -mobilizing compounds.
Materials and Methods
Cells and Cell Culture. The cells used were a cell line, mouse M1 myeloid leukemic cells, which do not express p53, that were transfected with plasmids containing the neomycin-resistance gene (M1-neo) or both the neomycin-resistance gene and a temperature-sensitive mutant p53 gene (M1-t-p53) (1) . In M1-t-p53 cells the temperature-sensitive p53 gene encodes a protein, p53, that behaves like a tumor-suppressing wild-type p53 at 32°C and like a mutant p53 at 37°C (16) . The cells were cultured in DMEM (GIBCO͞BRL) with 10% heat-inactivated (56°C, 30 min) horse serum (GIBCO͞BRL) in a 10% CO 2 ͞90% air atmosphere at 37°C or 32°C.
Compounds. The compounds used were: the Ca 2ϩ mobilizers A23187 and TG, the calcineurin inhibitors CsA and ascomycin (FK506 analog), the FK506 analog rapamycin, the MAPK kinase inhibitor PD98059, the p38 MAPK inhibitor SB203580, the phosphatidylinositol 3-kinase (PI3K) inhibitor wortmanin, the cyclooxygenase inhibitor indomethacin, and prostaglandins E 1 and E 2 . PD98059 and SB203580 were obtained from Calbiochem, CsA from Sandoz Pharmaceutical, and all other compounds from Sigma. Recombinant human IL-6 was kindly provided by Steve Clark (Genetics Institute, Cambridge, MA). Except for IL-6, stock solutions of all other compounds were made in absolute ethanol and stored at Ϫ20°C.
Assay for Apoptosis and Cell Viability. Apoptosis was induced in M1-t-p53 cells seeded at 3 ϫ 10 5 cells per ml and cultured at 32°C to activate wild-type p53 (1, 5, (9) (10) (11) . M1-t-p53 and M1-neo cells cultured at 37°C, which do not express wild-type p53, were tested for induction of apoptosis by addition of A23187 or TG. The percent apoptotic cells was determined on May-Grünwald Giemsa-stained cytospin preparations by counting 400 cells. Apoptotic cells were scored by their smaller size, condensed chromatin, and fragmented nuclei compared with nonapoptotic cells (1, 5, (9) (10) (11) . The percent cell viability was determined from the ratio of the number of viable cells (trypan blue excluding and nonapoptotic) divided by the total number of cells (including viable, trypan blue-stained, and apoptotic cells) as described (9) . As previously shown for wild-type p53-induced apoptosis that results in loss of cell viability (11, 17) , TG and A23187-induced loss of cell viability was associated with appearance of typical apoptotic cells and caspase activation resulting in cleavage of poly (ADP ribose) polymerase and pro-caspase 2, determined as described (11, 17) .
Abbreviations: CsA, cyclosporin A; FKBP, FK506 binding protein; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase; TG, thapsigargin.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (19) , and this complex then associates with calcineurin and inhibits its activity (18) . Like CsA, ascomycin completely blocked the ability of A23187 and TG to suppress wild-type p53-induced apoptosis (Fig. 1) . Ascomycin was about 50-fold more effective than CsA in its ability to block the antiapoptotic effect of A23187 or TG (Fig. 1 Lower) . These results provide further evidence that suppression of wild-type p53-induced apoptosis by Ca 2ϩ -mobilizing compounds is mediated by calcineurin. FKBP12 also can bind rapamycin, another FK506 analog, but the FKBP12-rapamycin complex does not inhibit calcineurin activity (18) . Rapamycin, unlike CsA or ascomycin, did not block the antiapoptotic effect of TG (Fig. 1 Upper) or A23187. Furthermore, by competing for binding to FKBP12, rapamycin can interfere with the ability of FK506 to inhibit calcineurin activity (18) . Addition of rapamycin antagonized the effect of ascomycin on suppression of apoptosis by TG (Fig. 1 Upper) or A23187, but did not antagonize CsA, which acts through cyclophilin A and not through FKBP12 (Fig. 1 Upper) . The rapamycin-FKBP12 complex can inhibit activation of ribosomal p70 S6kinase (20, 21) . p70 S6kinase can be activated in cells via the PI3K pathway, and this can be blocked by wortmanin (reviewed in ref. 22 ). Wortmanin did not block the antagonistic effect of ascomycin on suppression of apoptosis by TG (Fig. 1 Upper) . Wortmanin also had no effect on induction of apoptosis by wild-type p53 or on its suppression by TG or A23187. Suppression of wild-type p53-induced apoptosis in M1 cells by TG or A23187 thus does not appear to be mediated by activation of PI3K or p70 S6kinase .
Calcineurin-Mediated Induction of Apoptosis by Calcium-Mobilizing
Compounds. Suppression of wild-type p53-induced apoptosis by TG or A23187 was almost as effective as by the cytokine IL-6 when assayed 20 hr after culture of M1-t-p53 cells at 32°C (75 Ϯ 5% versus 90 Ϯ 6% cell viability, respectively) (11). However, when assayed 30 hr after culture of M1-t-p53 cells at 32°C, TG showed a much lower antiapoptotic effect than IL-6 (16 Ϯ 4% versus 80 Ϯ 3% cell viability, respectively). Similar results were obtained with A23187. These results indicate that the suppressive effect of TG or A23187 against wild-type p53-induced apoptosis is rapidly lost. Addition of TG together with IL-6 for 30 hr at 32°C also reduced the frequency of viable cells to 43 Ϯ 2% compared with 80 Ϯ 3% with IL-6 alone. These results raised the possibility that in addition to their calcineurin-mediated antiapoptotic effect, TG and A23187 may activate an opposing pathway that induces apoptosis in the same cells. To examine this possibility, we cultured M1-t-p53 cells with TG or A23187 at 37°C, a temperature at which the p53 protein behaves like a mutant p53 and does not induce apoptosis (1) . There was no detectable loss of cell viability (92 Ϯ 3% cell viability) up to 20 hr after addition of the same concentration of TG (10 nM) used to suppress induction of wild-type p53-mediated apoptosis at 32°C. However, there was a loss of cell viability at 30 hr after addition of TG (60 Ϯ 5% cell viability) and this loss was even Induction of apoptosis in M1 cells at 37°C by TG was suppressed by CsA and ascomycin (Fig. 2) . Rapamycin showed a small increase in viability of these TG-treated cells and antagonized the ability of ascomycin, but not of CsA, to suppress TG-induced apoptosis (Fig. 2) . Similar results were obtained with A23187-treated cells. The results thus indicate that in addition to their ability to suppress apoptosis in M1 myeloid leukemic cells, Ca 2ϩ -mobilizing compounds can induce a calcineurin-mediated pathway that leads to apoptosis in the same cells. The opposing pathways for suppression or induction of apoptosis diverge downstream from activation of calcineurin. (24), and p38 MAPK activation has been implicated in apoptosis induction (24) (25) (26) (27) (28) (29) . We therefore determined the involvement of p38 MAPK and p44͞42 MAPK in induction or suppression of apoptosis in M1 cells by the Ca 2ϩ -mobilizing compounds. Using antibody to the doubly phosphorylated p38 MAPK we detected an increase in phosphorylation of p38 MAPK in M1 cells without wild-type p53, which was strongest at 2-4 hr after addition of TG, and this increase was partially blocked by the calcineurin inhibitor CsA (Fig. 3) . TG also caused an increase in the phosphorylation of p44͞42 MAPK, which was blocked by CsA (Fig. 3) . Similar results were obtained with A23187. Addition of 1-5 M SB203580, which inhibits the activity of p38 MAPK but not other MAPKs (30, 31) , partially suppressed induction of apoptosis by TG in cells without wild-type p53 (Fig. 4) . But up to 50 M PD98054, that inhibits MAPK kinase and thus prevents activation of downstream p44͞42 MAPKs (ERK1͞2) (32), did not suppress TG-induced apoptosis in these cells (Fig. 4, Table 1 ). Neither SB203580 nor PD98059 had any suppressive effect on induction of apoptosis by wild-type p53 or by withdrawal of IL-6 from IL-6-dependent cells ( Table 1 ) that are not mediated by calcineurin. SB203580 and PD98059 also did not have any effect on suppression of apoptosis by TG or A23187 that are cal- Fig. 2 . Induction of calcineurin-dependent apoptosis by TG. M1-t-p53 cells were cultured for 40 hr at 37°C without (Control) or with 10 nM TG in the abscence (ϩNone) or presence of: 100 nM rapamycin (ϩRapa); 50 nM CsA (ϩCsA); 1 nM ascomycin (ϩAsco); CsA and rapamycin (ϩCsAϩRapa); or ascomycin and rapamycin (ϩAscoϩRapa). Fig. 3 . Calcineurin-dependent activation of p38 and p44͞42 MAPKs. M1-t-p53 cells were cultured at 37°C with 10 nM TG for various times or without TG (0 min with TG) in the absence (Ϫ) or presence (ϩ) of 100 nM CsA. Western blotting was carried out with antibody to p38 or p44͞42 MAPKs or to the doubly phosphorylated (Phospho-p38 and Phospho-p44͞42) MAPKs. cineurin mediated, or on suppression of apoptosis by IL-6 that is not mediated by calcineurin (Table 1) .
Involvement of p38 MAPK in Induction of
SB203580 and PD98054 block the activity of p38 MAPK and activation of p44͞42 MAPK by MAPK kinase, respectively (30) (31) (32) . But both compounds also were reported to inhibit the activity of cyclooxygenases 1 and 2 that control prostaglandin synthesis (33) . The differential ability of SB203580 but not PD98054 to suppress induction of apoptosis by TG or A23187 in our experiments makes it unlikely that cyclooxygenase inhibition by SB203580 is responsible for this suppression of apoptosis. In addition, neither the cyclooxygenase inhibitor indomethacin nor prostaglandins E 1 or E 2 had any effect on the ability of TG to induce apoptosis (Fig. 4) .
The results indicate that p38 MAPK, but not p44͞42 MAPK, is involved in the pathway that leads to induction of apoptosis in M1 cells by Ca 2ϩ -mobilizing compounds downstream from calcineurin activation. However, neither p38 nor p44͞42 MAPKs mediate suppression of apoptosis by Ca 2ϩ -mobilizing compounds, and p38 MAPK does not mediate induction of apoptosis by some calcineurin-independent pathways.
Discussion
Induction of apoptosis in different normal and cancer cell types by DNA damaging agents can depend on expression of wild-type p53, and there are also p53-independent pathways that can lead to apoptosis (reviewed in refs. 5, 8, and 10). Using M1 myeloid leukemic cells that express a temperature-sensitive p53 protein we previously have shown that overexpression of p53 in its wild-type form is sufficient to induce apoptosis (1, (5) (6) (7) (8) (9) (10) (11) . We also have shown that different cytokines (1, 2, 5-10) as well as Ca 2ϩ -mobilizing compounds such as A23187 and TG (11) can effectively suppress this apoptosis. However, suppression of wild-type p53 induced apoptosis by Ca 2ϩ -mobilizing compounds required extracellular Ca 2ϩ and was blocked by the calcineurin inhibitor CsA, whereas apoptosis suppression by cytokines did not show these properties (11) . Cytokines also can suppress pathways that lead to apoptosis, which were not suppressed by Ca 2ϩ -mobilizing compounds (11) . These different properties indicate that suppression of apoptosis by cytokines and Ca 2ϩ -mobilizing compounds is mediated by activating different viability promoting signals.
The ability of CsA to block the antiapoptotic effect of Ca 2ϩ -mobilizing compounds indicated that these compounds mediate their antiapoptotic effect through calcineurin activation (11) . We now have shown that ascomycin (19) , an ethyl analog of the calcineurin inhibitor FK506 that differs from CsA by binding to FKBP12 rather than to cyclophilin A (18), was even more effective than CsA in blocking the antiapoptotic effect of Ca 2ϩ -mobilizing compounds. In contrast, rapamycin, which also binds to FKBP12 but does not block calcineurin activity (18), did not block the antiapoptotic effect of Ca 2ϩ -mobilizing compounds. Rapamycin also antagonized the ability of ascomycin but not of CsA to block the antiapoptotic effect of Ca 2ϩ -mobilizing compounds, as expected from the ability of rapamycin to compete with FK506 for binding to FKBP12 (18) . This effect of rapamycin does not appear to be mediated by its ability to inhibit p70 S6kinase that is activated through the PI3K pathway, because the PI3K inhibitor wortmanin did not mimic the ability of rapamycin to antagonize ascomycin. The use of wortmanin also has indicated that p70 *M1-t-p53 cells were induced to undergo apoptosis by culture at 37°C with 10 nM TG for 40 hr, by culture at 32°C, to activate wild-type p53, for 20 hr, or by pretreatment with 20 ng͞ml IL-6 at 32°C for 20 hr and then subculturing the cells at 37°C for 24 hr without IL-6 as described (11) . † Apoptosis was suppressed by 10 nM TG, 0.5 M A23187, or 20 ng͞ml IL-6. ‡ % Cell viability was determined without (None) or with 5 M SB203580 or PD98059. § Even 1 M SB203580 suppressed induction of apoptosis by TG (43.6 Ϯ 5.3% cell viability) whereas there was no suppression of TG-induced apoptosis even at 50 M PD98059 (11.6 Ϯ 3.2% cell viability).
pounds signal suppression of wild-type p53-induced apoptosis by activating calcineurin (Fig. 5) .
Unlike IL-6, the ability of Ca 2ϩ -mobilizing compounds to suppress wild-type p53-induced apoptosis was rapidly lost, and on more prolonged incubation these compounds even reduced the antiapoptotic effect of IL-6. The same concentration of Ca 2ϩ -mobilizing compounds that showed an antiapoptotic effect on apoptosis induced by wild-type p53 could induce apoptosis in the absence of wild-type p53. As with the antiapoptotic effect, the proapoptotic effect of the Ca 2ϩ -mobilizing compounds was blocked by CsA and ascomycin, and the blocking effect of ascomycin was antagonized by rapamycin. Ca 2ϩ -mobilizing compounds therefore appear to induce two opposing pathways in the same cells downstream from calcineurin activation, which can either suppress or induce apoptosis (Fig. 5) . However, calcineurin activation does not appear to mediate apoptosis induction by wild-type p53 or by withdrawal of a viability factor such as IL-6, or apoptosis suppression by cytokines. Calcineurin is a serine͞threonine phosphatase that can bind to different substrates directly or through adaptor proteins such as FKBP12 or AKAP79 and dephosphorylate these substrates (reviewed in ref. 34 ). Calcineurin may suppress or induce apoptosis by dephosphorylating and thus modulating the activity of different phospho-proteins that are involved in the apoptotic process such as Bcl-2 (35, 36) or Bad (37) .
We now have shown that calcineurin activation can lead to activation of p38 MAPK and that the p38 MAPK inhibitor SB203580 blocked this pathway for the induction of apoptosis (Fig. 5) . The ability of SB203580 to only partially block the proapoptotic effect of Ca 2ϩ -mobilizing compounds suggests that calcineurin also may activate p38 MAPK-independent pathways that lead to induction of apoptosis. Although p44͞42 MAPK was activated by Ca 2ϩ -mobilizing compounds, an inhibitor of this pathway did not block induction of apoptosis. Neither p38 nor p44͞42 MAPKs appear to be involved in suppression of apoptosis by the Ca 2ϩ -mobilizing compounds, or in induction of apoptosis that is not mediated by calcineurin. The results indicate that calcineurin activation can activate opposing pathways that either suppress or induce apoptosis in the same cells and that induction of apoptosis can be mediated by the p38 MAPK pathway.
